Ku70 was originally described as an auto-antigen, but it also functions as DNA repair protein in the nucleus and as an anti-apoptotic protein by binding to Bax in the cytoplasm, 
INTRODUCTION
Ku70 was first characterized as an autoantigen and subsequently it was also identified to be a nuclear DNA binding component of the non-homologous end joining (NHEJ) DNA repair complex [1] . When dimerized with Ku80, Ku70 binds to the broken end of double strand DNA breaks [2] . However, following studies have also shown that Ku70 is also present in the cytoplasm [3] . To date, one described function of cytoplasmic Ku70 is to bind Bax, an apoptotic protein, thereby blocking Bax-mediated cell death. The binding between Ku70 and Bax is regulated by Ku70 acetylation [4] . We have previously shown that inhibiting deacetylase activity in neuroblastoma (NB) cells increases Ku70 acetylation, resulting in Bax release that triggers Bax-dependent cell death [5] . Our studies further indicated that cytoplasmic Ku70 plays an important role in NB cell survival as Ku70 knock down or increased Ku70 acetylation by inhibiting HDAC activity induces NB cell death mediated by Bax [6] .
In the nucleus, Ku70 [7] when dimerized with Ku80, binds and bridges two proximal broken DNA ends and facilitates the repair machinery through a cascade of reactions that involve DNA-dependent protein kinase and DNA ligase IV [8, 9] . Ku70 plays a critical role in this DNA repair activity as even partial knock down of Ku70 has been shown to enhance the radiosensitivity of human MCF10A cells [10] . Moreover, murine embryonic stem cells (ES) deficient in Ku70 are sensitive to radiation and have V(D)J recombination defects and deficiencies in DNA binding [11] . In cells with targeted deletion of Ku70, the Ku80 partner is unstable as is the Ku70 partner in Ku80 deficient cells [11, 12] . The two DNA binding domains of Ku70 present in the NH 2 and COOH termini are required for high affinity DNA binding. In addition, the COOH terminal of Ku70 also binds to Bax and prevents apoptotic translocation of Bax to the mitochondria [13] . Thus, Ku70 mediates cytoprotective functions through two distinct mechanisms: DNA repair in the nucleus and blocking Bax-mediated cell death in the cytoplasm.
While we and others have shown that acetylation regulates the binding between cytoplasmic Ku70 and Bax [14] , the effect of Ku70 acetylation in the nucleus remains unclear.
We have previously shown that in NB cells, acetylation of Ku70 by CBP at lysines 539 and 542 resulted in Bax release from Ku70, followed by Bax translocation to mitochondria [5] . Computer docking analysis indicated the presence of multiple lysine residues that form a positively charged lining for interaction with broken DNA ends at the DNA binding cradle of Ku70 [4, 15] .
Additional studies carried out in prostate cancer cells using site directed mutagenesis to replace the lysine residues at K282, K338, K539 or K542 with glutamine showed that in addition to the above mentioned lysine residues, namely K539 and K542, two other lysine residues, K282 and K338, also take part in binding broken-end DSB DNA [16] . The fact that the K539 and K542 acetylation by CBP are responsible for Bax-dependent cell death in NB cells and the same lysine residues are involved in binding to broken-end DSB DNA prompted us to investigate the role of Ku70 acetylation by CBP in response to IR-induced DNA damage.
Our results demonstrate that IR does not affect Ku70 expression in NB cells but IR induces Ku70 redistribution from the cytoplasm to the nucleus. When NB cells are subjected to IR, the more aggressive neuroblastic (N-type) NB cells undergo cell death while the less aggressive stromal (S-type) NB cells demonstrate IR resistance. Moreover, the DNA repair activity, as measured by phosphorylated H2AX (γH2AX) expression and by the Comet assay, is more efficient in the S-type cells compared to the N-type cells. The possibility that increased acetylation of Ku70 might block Ku70 DNA binding activity necessary for NHEJ repair, along with previous work showing N-type cells express higher levels of CBP, led us to hypothesize that Ku70 acetylation by CBP may play a critical role in IR-induced killing of N-type NB cells. This model is supported by evidence that knocking down CBP in N-type cells led to a reduction of Ku70 acetylation, increased DNA repair activity, and NB cell survival following IR. These results suggest a critical role for CBP in Ku70 acetylation following IR-induced DNA damage in NB cells and provide further support for the development of NB therapeutic strategies that target Ku70 acetylation.
MATERIALS AND METHODS

Cell Culture and irradiation
Human NB cell lines SH-SY5Y, IMR32, SH-EP1, and the fibroblast cell line IMR90 were cultured in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin, and the cells were maintained at 37 o C in a humidified 5% CO 2 incubator. The cells were irradiated over the clinically relevant dosage ranging from 0 to 20 Gy using Philips 250 orthovoltage unit at the Irradiation Core of the University of Michigan Cancer Center.
Cell Viability Assay
The viability of the human NB cell lines SH-SY5Y, SH-EP1, IMR32, and the fibroblast cell line IMR 90 was determined 24 and 48 hours after exposure to IR by MTT assay or sulforhodamine assay as previously described [5] . The viability of the CBP siRNA, control siRNA and mock transfected SH-SY5Y cells were similarly measured by MTT after IR exposure.
All experiments were carried out in triplicate and the average values and standard deviations were calculated. 
Immunoblot Analysis
For immunoblot analyses, whole cell extracts were prepared from human NB cell lines following IR treatment. The proteins were separated by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted for γH2AX, CBP, Bax, or control GAPDH antibodies. The presence of proteins were visualized using Enhanced Chemiluminescence plus.
Fractionation and Immunoprecipitation
The SH-SY5Y cells and the CBP-knockdown SH-SY5Y cells were fractionated into cytosolic and nuclear fractions using low salt and high salt buffer as previously described [17] .
The fractions were immunoprecipitated using an anti-acetyl-lysine antibody (Santa Cruz) or K103 acetylated lysine antibody (Cell Signaling) in CHAPS buffer and complexes were immunoblotted with Ku70 antibody [3] .
Clonogenic Assay
To determine the survivability of NB cells after various treatments, we used a clonogenic assay [18] . Cells were trypsinized and seeded in triplicate into 60mm dishes (400 cells for unirradiated control, and 40000 for irradiated cells) and allowed to grow undisturbed for one week. Colonies were stained with crystal violet, and counted manually using a Lieca microscope. The percentage of surviving fraction at different doses is calculated as previous described [18] .
Immunofluorescent microscopy and quantification of γH2AX foci.
NB cells and controls were seeded in chamber slides. At Different time points following irradiation at 2Gy, cells were fixed with 4% paraformaldehyde for 15 min, washed with PBS, and permeabilized in 0.2% Triton-X100. After blocking with 5% normal goat serum (NGS) for 1hr samples were incubated with anti-phospho-histone γH2AX (Ser139, clone JBW301) mouse monoclonal antibody (Millipore) at a 1:500dilution in 2.5% NGS-PBS overnight at 4 o C, followed by incubation with the secondary antibody Alexa Fluor® 568 goat anti-mouse-IgG (1:1000) for 1hr. Cells were then washed with PBS and mounted using mounting solution with DAPI (Invitrogen). Images of γH2AX foci and nuclei were taken using Leica DMR fluorescent microscope at 40X. Quantitative analysis of foci was carried out using Image-J as previously described [19] . To test for variation between experiments, at least 100 cells from three different experiments were scored for each data point. The mean number of foci per cell and the standard deviation from three independent measures were calculated.
The Comet Assay
The neutral comet assay was performed using a Trevigen Comet Assay Kit (4250-050-K, Trevigen, Gaithersburg, MD) according to the manufacture's protocol. SH-SY5Y, SH-EP1, CBPknocked down SH-SY5Y cells, or control siRNA treated SH-SY5Y cells were exposed to radiation dose of 10Gy and subjected to comet assay at the indicated time points of 0, 1, or 3 9 hrs. The comet images were captured using fluorescent microscopy after staining with SYBR green. Average comet tail moment (percentage of DNA in tail length) was scored for three fields 
RESULTS
Ku70 is acetylated in the cytoplasm and in the nucleus after irradiation
We have shown previously that acetylation of cytoplasmic Ku70 triggers Bax release and NB cell apoptosis [5] . However, the role of Ku70 acetylation in NB DNA nuclear repair responses is unknown. In this study we have determined that IR induces Ku70 acetylation in SH-SY5Y cells, N-type NB cells (Fig. 1A, left) , but not in SH-EP1 cells, S-type NB cells, (Fig. 1A, right). Also in SH-SY5Y N-type cells, both cytoplasmic and nuclear Ku70 are acetylated 24 hours after 10Gy IR (Fig. 1B) . Interestingly, when we determined the level of Ku70 in the cytoplasm and in the nucleus at 0, 2, 4, and 6 hours after IR, we found the level of Ku70 is similar in the cytoplasm and in the nucleus of untreated cells (0 hour) (Fig. 1C) . Two hours after IR, however, there is a visible reduction in the cytoplasmic Ku70 level, and simultaneously, nuclear Ku70 level increases. These changes of Ku70 level between the cytoplasm and the nucleus are evident for 6 hours after treatment suggesting DNA-damage induced by IR causes Ku70 to translocate from the cytoplasm to the nucleus.
Kinetics of DNA repair in NB cells in response to irradiation
To investigate the DNA damage response of NB cells to IR, we utilized phosphorylation of histone H2AX (γH2AX) as a marker of DNA damage [20] . Interestingly, when we compared the kinetics of γH2AX expression using immunoblot analyses in N-type verses S-type NB cells, we found that in SH-SY5Y N-type cells the rate of disappearance of γH2AX is prolonged up to 8 hours after 10Gy IR treatment (Fig. 2A, left) . In contrast, in SH-EP1 S-type cells, γH2AX disappears within 2 hours of treatment ( Fig. 2A, right) . These results suggest that repair of DNA damage is much faster in SH-EP1 cells compared to that of SH-SY5Y cells. Similar results were obtained when we used a lower dose of IR, 2Gy, and counted the total foci of γH2AX of over 100 cells for each treatment. The immunocytochemistry staining at 0, 3, and 7 hours after 2 Gy IR treatment is shown in Fig. 2B . The compilation of the total γH2AX foci counts at various times after IR treatment is shown in Fig. 2C for SH-SY5Y cells and SH-EP1 cells. The results are consistent with the immunoblot data (shown in Figure 2A ) when a higher dose (10Gy) of IR is used in that S-type NB cells have a faster kinetics of repairing DNA than that of the N-type NB cells. Similar results were also obtained when a direct measurement of DNA breaks using a Comet Assay, which measures the DNA breaks at the time when the cells are lysed [21] .
Results shown in figs. 2D and 2E demonstrate that SH-EP1 has a faster kinetics of DNA repair (measuring at 1 and 3 hrs following IR) than that of SH-SY5Y cells after 10Gy treatment.
When we determined cell viability using MTT assay following IR, we found that in N-type NB cells (SH-SY5Y and IMR32 cells) viability decreases proportional to the IR dose (5, 10, or 20 Gy) used. In contrast, in SH-EP1 cells, similar to the IMR90, a fibroblast type cell line, the viability dropped minimally following (down to 85% of control) various IR treatments (Fig. 3A) .
Similar results were obtained when a clonogenic assay was used to assess the survivability of SH-SY5Y cells and SH-EP1 cells following various doses of IR (Fig. 3B) .
The reduction of cell viability after IR seen in SH-SY5Y cells but not in SH-EP1 cells is consistent with our previous findings showing that cytoplasmic Ku70 is acetylated in SH-SY5Y cells but not in SH-EP1 cells (Fig. 1) . When we immunoprecipiated Bax after 10Gy IR in these two cell types, we found much less Ku70 is associated with Bax in the SH-SY5Y cells compared to that of SH-EP1 cells. These results indicate that Bax is released from Ku70 after IR in SH-SY5Y cells (Fig. 3C, left panel) but not in SH-EP1 cells (Fig. 3C, right panel) .
Interestingly, when we further studied SH-EP1 cells that survived IR treatment, we found that they demonstrated resistance to the effects of cisplatin, a chemotherapeutic agent known to induce cell death in NB cells (Fig. 4A) [22] . Furthermore, the SH-EP1 cells had faster growth rates in low serum conditions (0.1 or 0.5%) when compared to un-irradiated cells (Fig. 4B) .
CBP regulates Ku70 acetylation in response to irradiation in NB cells
We have shown previously that CBP regulates Ku70 acetylation in NB cells. Over expression of CBP or CBP knock down will alter the response of histone deacetylase inhibitor treatment that induces cell death in NB cells [6] . In this current study, we tested whether CBP regulates Ku70 acetylation in response to DNA damage induced by IR. Since we did not observe Ku70 acetylation in S-type cells (Fig. 1A) after IR, we focused our studies on SH-SY5Y cells.
To test whether CBP regulates Ku70 acetylation following IR treatment in NB cells, we knocked down CBP using CBP specific siRNA and tested (Fig. 5A) whether Ku70 is acetylated in response to IR (10 Gy) (Fig. 5A) . Twenty-four hours after IR treatment, scrambled siRNA or CBP siRNA transfected cells with and without exposure to IR were fractionated to separate the cytoplasmic and nuclear fractions. Samples were then immunoprecipitated using an anti-acetyllysine antibody (Santa Cruz) and then immunoblotted for Ku70. As shown in 
To determine if there was a change in IR-induced DNA damage repair activity following CBP knockdown, we treated scrambled siRNA control or CBP siRNA transfected SH-SY5Y cells with IR (2Gy), and the kinetics of γH2AX was determined by immunocytochemistry using γH2AX specific antibodies (Fig. 6A) . The results shown in Fig. 6B 
DISCUSSION
Of the various types of DNA damage, DNA double strand breaks (DSB) induced by ionization radiation is most toxic to dividing cells [23] . Efficient repair of DNA DSB is critical for maintaining genomic stability and cell viability [24] . In mammalian cells, DNA repair activity in response to IR-induced DSBs occurs via two routes: homologous recombination (HR) and NHEJ [25] . HR is an accurate form of DNA repair that is restricted to DNA repair occurring at Sphase following DNA replication. In contrast, NHEJ operates throughout the cell cycle and is considered the major pathway for the IR induced DSB DNA repair [26] [27] [28] .
The Ku70-Ku80 heterodimer plays a key role in the NHEJ DNA repair pathway. The initial step in the NHEJ pathway is detection of the DSB by Ku heterodimer, followed by recruitment of the catalytic subunit of DNA-dependent protein kinase (DNA-PKc) to form the active DNA-protein kinase dependent holoenzyme [29] . Deficiency of either NHEJ proteins in cells or mutations in Ku70, Ku80, or DNA-PKc leads to IR sensitization [23] . Previous studies have shown that Ku70 acetylation blocks Ku70 binding to broken-end DSB DNA [16] . In this study, we have shown that Ku70 is acetylated upon IR not only in the cytosol but also in the nucleus of N-type, but not in S-type, NB cells. We have also shown that in N-type, but not in Stype, NB cells, Ku70 acetylation in the cytosol releases Bax from Ku70 resulting in Bax translocation to the mitochondria causing cell death [5] . However, expression of Ku70 irradiated SH-EP1 cells demonstrate resistance to the chemotherapy drug cisplatin, and that they grow better in lower serum conditions. These results suggest that IR induces cell death of least survivable SH-EP1 cells, and the remaining SH-EP1 cells, having a faster DNA repair rate and low Ku70 acetylation following IR, they adopt a better survival mechanism that is resistant to DNA damage compounds like cisplatin. However, whether this survival mechanism in SH-EP1 cells is related to Ku70 acetylation affecting its DNA binding for repair remains to be tested. here [30] . Together, their results as well as ours suggest that the role of CBP in DNA repair activity may be cell context specific. What regulates this specificity remains to be determined.
Taken together our data for the first time in NB cells identify Ku70 acetylation in response to IR-induced DNA damage to be responsible cell death exposed to IR. Our previous study showing low level CBP expression in S-type cells compared to that in N-type cells indicates that the resistance of S-type NB cells to radiation and faster DNA repair activity may be due to low level CBP expression [6] . These results also provide novel insight into the differences between N-type and S-type NB cells in response to IR-induced DNA damage. These findings provide a rationale for testing modulators of Ku70 acetylation in clinical trials along with radiotherapy or DNA damaging agents for the treatment of NB. 
